Recent LHCb results on R K * , the ratio of the branching fractions of B → K * µ + µ − to that of B → K * e + e − , for the dilepton invariant mass bins
Introduction
The LHCb collaboration has recently reported hints of new physics (NP) in lepton flavour non-universal observables R K and R K * , [10] While the deviations from the Standard Model (SM) in the individual ratios are only at the level of 2.2σ − 2.5σ, the combined deviation (the exact number depends on how one combines the 3 results) is large enough to look for NP explanations 1 . For recent studies, see [4, [13] [14] [15] [16] [17] [18] [19] .
At the quark level, the decays B → K ( * ) µ + µ − proceed via b → s flavour changing neutral current (FCNC) transitions. These decays are particularly interesting because they are highly suppressed in the SM and many extensions of the SM are capable of producing measurable effects beyond the SM. In particular, the three body decay B → K * µ + µ − offers a large number of observables in the angular distributions of the final state particles, hence providing a lot of opportunities to test the SM, see for example, and references therein for related studies.
The individual branching ratios B B → K ( * ) is a theoretically clean observable and predicted to be close to unity in the SM. This is in contrast to some of the angular observables (for example, P 5 ) where considerable debate exists surrounding the issue of theoretical uncertainty due to (unknown) power corrections to the factorization framework and non-local charm loops, see for example, [29, [50] [51] [52] [53] [54] [55] [56] [57] . Hence the observed deviation from the SM might be (at least partly) resolved once these corrections are better understood.
Therefore, in this work we will only consider the theoretically clean observables R K ( * ) listed in table 1. Additionally, we also consider the branching ratios of the fully leptonic decays B s → µ + µ − and B s → e + e − , as they are very well predicted in the SM.
The paper is organised as follows. In the next section, we show the complete set of operators at the dimension 6 level for b → s transition. In section 3 we discuss in detail how these various operators perform in explaining the R K ( * ) anomalies, and point out the possibility of explaining R K * in the low q 2 bin by a very light gauge boson. We close in section 4 with a brief summary.
b → s effective Hamiltonian
The effective Hamiltonian for b → s transitions in the Standard Model is given by
with the CKM matrix combinations λ (s) q = V qb V * qs , and 
where the definitions of the local operators are given by,
where P L,R = (1 ∓ γ 5 )/2 and m b ≡ m b (µ) denotes the running b quark mass in the MS scheme.
Since C 7 and C 9 always appear in particular combinations with other C i≤6 (the operators O i≤6 are identical to the P i≤6 given in [58, 59] ) in matrix elements, it is customary to define the following effective Wilson coefficients [58, 59] ,
where the one loop expression for the function Y (q 2 , µ) can be found in [21, 59] .
Note that, the photonic dipole operators O 7 and O 7 lead to lepton universal contributions modulo lepton mass effects and hence, can not provide an explanation of the R K * anomalies once bound from B → X s γ is taken into account [25] . Moreover, as the tensor operators do not get generated at the dimension 6 level if the full SM gauge invariance is imposed [60, 61] , we ignore them in this work.
Results
As the branching ratio of the fully leptonic decay B s → µ + µ − poses strong constraints on some of the Wilson coefficients, we first show the expression of this branching ratio as a function of the relevant couplings [23] ,
In Fig. 1 , we show how B(B s → µ + µ − ) constraints ∆C The constraints on the scalar operators are extremely severe, as can be seen from the figures. 
One Wilson coefficient at a time
In this section, we consider one Wilson coefficient at a time and investigate whether it can explain all the experimental results within their 1σ values simultaneously. All the numerical results in this section are based on the analytic formulas given in [22, 23] . As for the form-factors, we use [62] for B → K matrix elements and [63] for the B → K * matrix elements.
Scalar and pseudo scalar operators:
We first present our results for the scalar operators. In Fig. 2 we show R K , R low K * and R central K * as functions of the scalar and pseudo-scalar Wilson coefficients C S , C S , C P and C P assuming that they only affect the muon mode. It is clear from the plots that (pseudo) scalar operators involving muons are unable to provide solutions to these anomalies, irrespective of their size.
It can be seen form Fig. 3 that the same statement is also true for the (pseudo) scalar operators involving electrons. However, for the operators involving electrons, solutions to two of the anomalies, R K and R central K * , are in principle possible. But, the upper bound on B (B s → e + e − ) (see table 1) constrains the couplings C S,S ,P,P 1.2, and rules out the possibility of any such explanations.
Vector and axial vector operators:
We now turn to the vector and axial vector operators. 0. This makes the axial-vector explanation even more unlikely.
Similar statement can also be made about the (axial) vector operators in the electron sector, as can be seen in Fig. 5 . However, they do a better job compared to their counterparts in the muon sector. While the primed operators are strongly disfavoured, the operator ∆C 
Combination of Wilson coefficients
In this section, we consider the four cases ∆C 9 ( ) = ±∆C 10 ( ) for each of = µ and e. The results are shown in Fig. 6 and 7 for Wilson coefficients involving muons and electrons respectively. The hypotheses ∆C µ 9 ( ) = ∆C µ 10 ( ) (which correspond to the operators (sγ α P L b)(μγ α P R µ) and (sγ α P R b)(μγ α P R µ)) and ∆C µ 9 = −∆C µ 10 (which corresponds to the operator (sγ α P R b)(μγ α P L µ)) are clearly strongly disfavoured. The other chiral operator (sγ α P L b)(μγ α P L µ) (our hypothesis ∆C The situation is slightly better for the operators involving electrons. It can be seen from Fig. 7 that, while the primed operators are strongly disfavoured, the other two cases: ∆C and ∆C e,µ 10 = ±∆C e,µ 10 are shown in Fig. 8 and 9 . It can be seen that they do not do a good job in explaining the anomalies simultaneously. 
Light vector boson to explain
Our investigations above show that local new physics (i.e., q 2 independent Wilson coefficients) is unable to simultaneously explain R K , R central K *
and R low K * at the 1σ level. The main obstacle is to explain the result of R K * in the low bin. This can be understood by noting that the branching ratio in the low q 2 region is dominated by the Wilson coefficient C 7 which is always lepton flavour universal. Quantitatively, in the q 2 bin
[0.045 − 1.1] GeV 2 , the pure C 7 contribution constitutes approximately 73% of the total branching ratio in the SM. On the other hand, the pure C 7 contribution is just about 16% for the q 2 bin [1.1 − 6] GeV 2 .
However, the situation can change in the presence of light degrees of freedom, for example, a very light ( 20 MeV) vector boson A µ , with couplings We have checked that instead of a completely left-chiral coupling in Eq. 3.2, one can also use the following scenario 
Summary
In this paper, we have performed a model independent analysis of the recent LHCb measurements of R K * in the two dilepton invariant mass bins q 2 ≡ m 2 = [0.045 − operator that can explain all the three ratios (in particular, R low K * ) simultaneously within their 1σ experimental ranges.
In order to explain also the R low K * , we proposed the existence of a very light ( 20 MeV) vector boson with flavour specific couplings. We gave two examples shown in Eqs. 3.2 and 3.5. In the first case, we find that this new gauge boson, with couplings that explain R low K * , can neither explain R K or R central K *
. Thus, additional local operators will be required to explain them together. As an example, a light gauge boson with coupling κ bs κ ee = −0.6 × 10 It remains a challenge to connect the existence of the light vector boson (with specific couplings) to heavy NP that generates the required short distance Wilson coefficients. We leave that for future work.
We close with the comment that there might be issues with both the theoretical SM prediction (in particular, the uncertainty due to QED corrections) and the experimental measurement of R K * in the low bin. In this work, we have taken the most recent SM prediction, the associated theoretical uncertainty and the experimental measurement at face value. Needless to mention that our conclusions may change if either of SM prediction/uncertainty or the experimental measurement changes in future.
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